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ABSTRACT ARTICLE HISTORY
The electronic structure and optical properties of the molybdenum Received 9 May 2016
oxyfluoride K.[Mo,O,F, ] single crystal were investigated. Based ~ Accepted 18 August 2016
on X-ray diffraction data, the crystal structure was optimised so as

to minimise the fo.rces qctipg on each atom. The calculation reveal Electronic materials;
that K,[Mo,O,F, 1 is an indirect band gap semiconductor of about fullerenes; ab initio; optical
1.51 eV, using the local density approximation, 1.72 eV, using gradient properties
approximation (PBE-GGA), 1.81 eV using Engel-Vosko generalized
gradientapproximation and 2.01 eV, from the recently modified Becke—

Johnson potential (TB-GGA-mBJ). Partial density of states reveals the

orbitals’ contribution and the degree of the hybridisations between

the orbitals. The contours of the valence electronic charge density of

each atom in K,[Mo,O,F, ] reveal that there are some electrons from

Mo, K, F and O orbitals that are transferred to the valence bands and

participate in the interactions between the Mo, K, F and O atoms to

form covalent bonding. The strength of the covalent bond depends on

the degree of the hybridisation and the electro-negativity differences

between Mo, K, F and O atoms. The calculated bond lengths exhibit

good agreement with the experimental data. The optical properties

help to get deep insight into the electronic structure and reveal the

types of the orbitals that participate in the optical transitions. It has

been found that the investigated crystal possesses negative uniaxial

anisotropy (6e = —0.102) and positive birefringence (An(0)=0.2765).

KEYWORDS

1. Introduction

Several synthetic methods have been most frequently used since 1985 in different fields
of the broad area of preparative inorganic fluorine chemistry, emphasising those routes
which have had and still may have an impact on future progress. Attention is focused on
developments that have led to actual or potential routes to new fluoride materials [1]. The
high electro-negativity and the small-size of F-ligand, combined with the low bond energy
in F, and the strong bonds that F-ligand makes with most other atoms, are the fundamen-
tal characteristics that lie at the basis of the ready combustion of most of the elements in
fluorine, often resulting in their oxidation to the highest known state of oxidation. Fluoride
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synthesis in the past, at least in its inorganic aspects, was often simply a matter of heating
materials in F, (sometimes under pressure). Today’s picture is dramatically different [2].
Maggard et al. [3] have synthesised (Ag,MoO,F,)(Ag,MoO,)Cl single crystals by hydro-
solvatothermal methods and characterised them by X-ray diffraction (XRD). They obtain
transparent colourless crystals. Lin et al. [4] have synthesised new pyrazine-pillared solids,
AgReO,(C,H,N,) (I) and Ag,Mo,O,F (C,H,N,), (C,H,N, = pyrazine, pyz) (II), by hydro-
thermal methods at 150 °C and also characterised them using single-crystal XRD. They
analysed the structural properties of the investigated materials and calculated the electronic
band structure based on density functional theory (DFT). In recent years, new structural
units in molybdenum oxyfluoride chemistry have been reported [2,5-10]. Recently Aldous
and Lightfoot [2] have presented the solvothermal syntheses and crystal structures of five
new molybdenum oxyfluorides; they reported that the new molybdenum oxyfluorides show
three novel structural units which contain Mo in a reduced oxidation state. Moreover, they
observed the Mo-Mo bonds in each unit [2,5-10].

Due to the novelty and the lack of information concerning the electronic structural
information on K ,[Mo,O,F, | molybdenum oxyfluoride single crystals, further insight into
the electronic structure can be obtained from the electronic band structure, the density of
states, the electronic charge density distribution and the optical properties. Therefore, this
study is aimed at performing comprehensive full potential calculations based on the DFT
within several possibilities of exchange-correlation (XC) potentials to ascertain the effect
of exchange correlation on the ground state properties of the K [Mo,O,F, ] molybdenum
oxyfluoride single crystal. Since there is no information concerning the experimental band
gap, based on our experiences with the recently modified Becke-Johnson potential (mB]),
we believe that the calculated band gap using mBJ would be close to the expected exper-
imental energy gap. Recently it has been found that the first-principles calculation is one
powerful and useful tool to predict the crystal structure and its properties related to the
electron configuration of a material before its synthesis [11-14].

2. Details of calculations

Molybdenum oxyfluoride K ,[Mo,O,F | single crystals were recently synthesised by Aldous
and Lightfoot [2]. It has been reported that K ,[Mo,O,F 1 crystallises in an orthorhombic
structure, space group, Pnnm (No. 58) with two formulae per unit cell. The unit cell param-
eters are a = 6.0483(7) A, b=9.351(1) A, c = 14.487(2) A, a = f = y = 90" and V = 819.4(2)
A3 [2]. The molybdenum oxyfluoride K [Mo,O,F ] single crystal is a highly fluorinated
tetrameric unit in MoOF [2]. Figure 1 illustrates the crystal structure of a molybdenum
oxyfluoride K ,[Mo,O,F | single crystal. The atomic positions have been optimised by min-
imising the forces (1mRy/a.u.) acting on the atoms. The generalised gradient approximation
(PBE-GGA) was used to achieve the optimisation. The optimised atomic positions agree
well with the experimental ones [2]; these are listed in Table 1. The DFT within the full-
potential linear augmented-plane-wave (FPLAPW+lo) method in a scalar relativistic version
as embodied in the WIEN2k code [15] was used to perform comprehensive calculations
for the electronic band structure, the density of states, the space electronic charge density
and the optical properties of a K,[Mo,O,F /| molybdenum oxyfluoride single crystal. It is
well known that in the DFT calculation the exact form of the XC functional is unknown.

Therefore, the accuracy of the results will be sensitive to selection of the XC functional and it
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Figure 1. (colour online) The crystal structure of K ,[Mo,O,F 1single crystal.

Table 1. Calculated atomic positions in comparsion with the experimental data [2].

Atom X-exp. x-opt. y-exp. y-opt. Z-exp. z-opt.

Mo1 0.0000 0.0000 0.06939(7) 0.07234 0.16627(5) 0.16645
Mo2 0.0000 0.0000 0.25852(7) 0.26012 0.04026(4) 0.04232
K3 0.0000 0.0000 —0.0670(2) 0.93311 0.39399(13) 0.39125
K1 0.0000 0.0000 —0.34067(19) 0.65933 0.20564(13) 0.21000
K2 —0.5000 0.5000 —0.12457(19) 0.87543 0.09012(12) 0.09122
F1 0.2366(6) 0.2411 0.3414(3) 0.34998 0.3414(3) 0.34162
F2 0.2208(6) 0.2232 —0.0632(3) 0.93681 0.2258(2) 0.22611
F3 0.0000 0.0000 —0.1117(5) 0.88831 0.0744(3) 0.07551
01 0.0000 0.0000 0.4024(6) 0.41354 0.1096(4) 0.10987
02 0.0000 0.0000 0.1761(6) 0.1758 0.2603(4) 0.26111
03 0.2381(7) 0.2411 0.1410(4) 0.1411 0.0897(3) 0.08956

can play a major role in the accuracy of the results; this is one of the main drawbacks in DFT.
Thus, in the current calculations the XC potential problem was solved using four different
possible approximations. The XC potentials used here are; the local density approximation
(LDA) [16] and the PBE-GGA [17], which are based on XC energy optimisation to calculate
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the total energy. It is well known that in calculating the self-consistent band structure within
DFT, the LDA and GGA underestimate the energy band gap by around 10-30% [18-20].
This is mainly due to the fact that LDA and GGA have simple forms that are not sufficiently
flexible to accurately reproduce both the XC energy and its charge derivative. Engel and
Vosko [21] considered this shortcoming and constructed a new functional form, GGA, that
is able to better reproduce the exchange potential at the expense of less agreement in the
exchange energy. This approach, called Engel-Vosko generalised gradient approximation
(EV-GGA), yields better band splitting and some other properties that mainly depend on
the accuracy of the XC potential. In addition, the recently modified Becke-Johnson poten-
tial (mBJ) [22] have been used, which optimises the corresponding potential for electronic
band structure calculations and hence the energy band gap.

The Kohn-Sham equations are solved using a basis of linear APW’s. The potential and
charge density in the muffin-tin (MT) spheres are expanded in spherical harmonics with
I ..=8and nonspherical componentsup to ! = 6. In the interstitial region, the potential
and the charge density are represented by Fourier series. Self-consistency is obtained using
300 k points in the irreducible Brillouin zone (IBZ). The electronic band structure, density
of states, electronic charge density distribution and linear optical properties have been
calculated, using 800 k points in the IBZ. The self-consistent calculations are converged,
since the total energy of the system is stable within 0.01 mRy.

3. Results and discussion
3.1. Electronic band structure and density of states

To ascertain the effect of XC on the band splitting and hence on the value of the energy
band gap, four different types of XC potentials were employed to calculate the elec-
tronic band structure of the K ,[Mo,O.F /] molybdenum oxyfluoride single crystal.
These are LDA, PBE-GGA, EV-GGA and TB-GGA-mB]J. For all cases, the zero-point of
energy was set at the valence band maximum (VBM). The conduction band minimum
(CBM) is located at the centre (I') of BZ, while the VBM is situated at the U point of
BZ, resulting in an indirect band gap of about 1.51 eV (LDA), 1.72 eV (PBE-GGA),
1.81 eV(EV-GGA) and 2.01 eV (TB-GGA-mB]J). To the best of our knowledge, there are
no previous experimental or theoretical data for the energy band gap available in liter-
ature to make a meaningful comparison. Therefore, based on our experiences in using
different XC functional (LDA, PBE-GGA, EV-GGA and mBJ) on several compounds
whose energy band gaps are known experimentally [23], in those previous calculations
we found that the mB] gives very good agreement with experimental data [23]. This
motivated us to use mB]J to calculate the band structure and hence the optical prop-
erties of K,[Mo,O,F 1. The mB]J is a modified Becke-Johnson potential which allows
the calculation of the energy band gap with accuracy similar to the very expensive GW
calculations [22]. It is a local approximation to an atomic ‘exact-exchange’ potential
and a screening term. Thus, we believe that the calculated energy band gap reported in
this paper would be close to the expected experimental energy band gap. Future exper-
imental work will confirm the calculated results. Therefore, we will present only the
results obtained by mBJ. Figure 2 illustrates the calculated electronic band structure and

the total density of states of the molybdenum oxyfluoride K ,[Mo,O,F, | single crystal.
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Figure 2. (colour online) (a) The calculated electronic band structure of K [Mo,O,F, 1 single crystal along

with total density of states using mBJ; (b) Enlarged electronic band structure of K ,[Mo,O,F, 1 in the energy
range between 2.5 and —0.5 eV to clearly show the VBM and the CBM, therefore we coloured the VBM by
red and the CMB by blue. The colours of the VBM and the CBM means nothing just to indicate them from

the others; (c) the BZ of K [Mo,O,F, 1.

The Mo-5s/4p/4d, K-4s/3p, F-2s/2p and O-2s/2p partial density of states (PDOS) are
illustrated in Figure 3(a)-(d). It is evident that the VBM mainly originates from the Mo1-d,
Mo2-d and O3-p states with a small contribution from O2-p, F2-p and O3-s states, whereas
the CBM originates from Mo1l-d, Mo2-d, O2-p and O3-p states with a small contribution
from F2-p, F3-s and O3-s states. It is interesting to mention that the O-2s orbitals extended
along the whole energy range along with F-2s, Mo-5s/4p and K-4s orbitals to form a strong/
weak hybridisation. While O-2p orbitals confined between —7.0 eV and +7.0 eV share the
same area with Mo-4d and F-2p orbitals and form strong/weak hybridisations. The K-3p
orbital is situated around —13.0 eV and exhibits a very sharp structure.
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Figure 3. (colour online) (a—g) Calculated PDOS (states/eV/ unit cell) using mBJ.
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Table 2. Calculated bond lengths in comparsion with the experimental data [2].

Bonds Exp. bond lengths (A) Calc. bond lengths (A)
Mo1-01 1.689 (6) 1.690
Mo1-03 1.938 (4) 1.940
Mo1-03’ 1.938 (4) 1.940
Mo1-F1 2.016 (3) 2.015
Mo1-F1' 2.016 (3) 2.015
Mo1-F3 2.153 (5) 2.155
Mo2-02 1.679 (6) 1.680
Mo2-03 1.948 (4) 1.946
Mo2-03’ 1.948 (4) 1.946
Mo2-F2 2.041 (3) 2.040
Mo2-F2' 2.041(3) 2.040
Mo2-F3 2.156 (4) 2.157
Mo1-Mo2 2.542 (1) 2.543

Figure 4. (colour online) The electron charge density distribution of K ,[Mo,O.F, 1 single crystal were
calculated for; (a) (1 0 0) crystallographic plane and (b) (1 0 1) crystallographic plane.

In order to elucidate the characteristics of chemical bonding of K [Mo,O,F, ], the calcu-
lated PDOS was used. The PDOS spectral structure that extended from —6.0 eV up to E . is
formed by Mol, 2-5s/4p/4d, O1, 2, 3-2s/2p, F1, 2, 3-2s/2p and K1, 2-4s states. In this energy
region, a total number of electrons/electron Volts (e/eV) for each orbital of K,[Mo,O,F ]
atoms have been obtained. The F1-2p state 4.1 e/eV, F2-2p state 4.2 e/eV, F3-2p state 4.1
e/eV, F1-2s state 0.02 e/eV, F2-2s state 0.024 e/eV, F3-2s state 0.058 e/eV, Mol-4d and
Mo2-4d states 1.5 e/eV, Mol-5s state 0.07 e/eV, Mo2-5s state 0.04 e/eV, Mo1-4p state 0.11
e/eV, Mo2-4p state 0.12 e/eV, O1-2p state 1.7 e/eV, O2-2p state 1.8 e/eV, O3-2p state 4.0
e/eV, O1-2s state 0.025 e/eV, O2-2s state 0.037 e/eV, O3-2s state 0.058 e/eV, K1-4s state
0.013 e/eV, K2-4s state 0.012 e/eVand K3-4s state 0.01 e/eV. Therefore, it is clear that some
electrons from these orbitals are transferred to the VBs and participate in the interactions
between the Mo, K, F and O atoms to form covalent bonding. The strength of the covalent
bond depends on the degree of the hybridisation and the electro-negativity differences
between Mo, K, F and O atoms. This can be seen directly from the contours of the valence
electronic charge density of each atom in K ,[Mo,O.F, ]. We have obtained these contours
in two planes along (1 0 0) and (1 0 1) directions, as shown in Figure 4(a) and (b). From
the (1 0 0) crystallographic plane, it can be seen that the Mo atom forms strong covalent

bonds with the nearest three O atoms, while F and K atoms form pure ionic bonds, as
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Figure 5. (colour online) (a) Calculated £5*(w) (dark solid curve-black colour online), e}z"/(a)) (light long
dashed curve-red colour online) and £ () (light dotted dashed curve-green colour online) along with
calculated £} (w) (dark solid curve-blue colour online), £ (w) (light dashed curve-brown colour online)
and €7’ (w) (light sold curve -violet colour online) of K .[Mo,O,F, 1 single crystal; (b) Calculated 5" () (dark
solid curve-black colour online), a;'y(w)(light long dashed curve-red colour online) and 65’ (w) (light dotted
dashed curve-green colour online) along with calculated " () (dark solid curve-blue colour online),
a{y(co) (light dashed curve-brown colour online) and o7 (w) (light sold curve -violet colour online) of
K [Mo,O,F 1 single crystal; (c) Calculated refractive indices R (w) (dark solid curve-black colour online),
R (w) (light dashed curve-red colour online) and R” (w) (light dotted dashed curve -blue colour online)
spectrum of K [Mo,O,F, 1 single crystal; (d) Calculated refractive indices () (dark solid curve-black
colour online), " () (light dashed curve-red colour online) and /#(w) (light dotted dashed curve-blue
colour online) spectrum of K [Mo,O,F, I single crystal; (e) Calculated refractive indices n*(w) (dark solid
curve-black colour online), 7" (w) (light dashed curve-red colour online) and n” () (light dotted dashed
curve -blue colour online) spectrum of K [Mo,O,F, I single crystal; (f) Calculated birefringence An(w) of

K,[Mo,O,F, I single crystal.
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Table 3. Calculated £7(0), €] (0), £(0), b€, ', @y, %, " (), 1 (@), n*(w) and An(w).

LDA GGA EVGGA mBJ
£%(0) 2647 2570 2.500 2441
£(0) 3.524 3.538 3.510 3.351
£%(0) 3612 3.624 3.595 3413
b¢ -0.094 -0.103 -0.109 -0.102
) 9.020 9.075 9.075 9.075
o 8.476 8.557 8.623 8.721
o 8.476 8.530 8.567 8.694
n*(0) 1.627 1.603 1542 1,562
n”(0) 1877 1.881 1811 1.830
n”(0) 1.900 1.903 1.856 1.847
An(0) 0261 0.289 0291 02765

they are surrounded by uniform spheres. Charge transfer occurs toward F atoms, which is
attributed to the fact that F atoms possess the highest electro-negatively among the others.
More details can be seen from the (1 0 1) crystallographic plane, which reveals the strong
covalent bonds between Mo and F atoms. This supports the finding from the PDOS, which
states that there exists a strong hybridisation between Mo, O and F atoms. The strong/weak
hybridisation may lead to the formation of strong/weak covalent bonding. It is interesting
to compare our calculated bond lengths with the measured ones [2], as shown in Table 2,
which reveals that there is a good agreement between the theory and experiment.

3.2. Linear optical properties

Since the optical dielectric functions involve the energy eigenvalues and electron wave
functions, they are natural outputs of the electronic band structure. Therefore, we utilised
the calculated optical dielectric functions to further reveal the origin of the electronic band
structure of a K [Mo,O,F, ] single crystal. Figure 5(a) illustrates the calculated imaginary
and real parts of the optical dielectric functions, which show that the absorption edge occurs
at 2.098 eV. The two optical components along the polarisation directions [0 1 0] and [0
0 1] exhibit a sharp peak around 3.0 eV; the strength of this peak can be explained due to
the fact that £,(®) scales as 1/w? While the optical components along the [1 0 0] polari-
sation direction show no contribution to the optical spectra up to 4.0 eV. The two optical
components egy (w) and €5 (w) exhibit a considerable anisotropy with £7*(®). To analyse the
origin of the optical spectral structure, we have used our calculated angular momentum
resolved projected density of states which enables us to identify the angular momentum
characteristics of the various structures that are responsible for the optical structure. The
absorption edges belong to the optical transitions between Mo-5s/4d, O-2s/2p states (VBs)
and Mo-5s/4p, O-2s/2p, F-2s states (CBs). The optical spectra above the absorption edges
originate from transitions between Mo-5s/4p/4d, O-2s/2p, K-4s, F-2p states (VBs) and
Mo-5s/4p/4d, O-2p, F-2s/2p states (CBs).

From the imaginary part, the real part is obtained by means of the Kramers-Kronig trans-
formation [24]. It is clear that gJ]’Y (w) = €7°(w) and shows considerable anisotropy with £ (w)
, which shows that K [Mo,OF, | is a uniaxial crystal. The vanishing frequency value of the
dielectric function which defines the static electronic dielectric constant e = €,(w = 0)can
be obtained from £7°(0), e{y (0) and £7%(0), as shown in Table 3. With the aid of these values,
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we can estimate the value of the energy gap following the Penn model [25] and the uniaxial
anisotropy (6e = [(eéI &)/ eg‘”]). The obtained §e value shows that this crystal possesses
negative uniaxial anisotropy. Furthermore, the plasmon oscillations @}, a)ﬁy and @, which
are associated with the existence of plasma oscillations (plasmons), can be obtained at the
energies where £} (®), gy]y (@) and €77 (w) cross zero. These values are given in Table 3.

The optical conductivity, as illustrated in Figure 5(b), is obtained from the imaginary
and real parts of the optical dielectric functions e(w) = ¢,(w) + ie, (@) = 1 + 4wic(w)/ @.
It can be seen that 6””(w) = 6 (w) shows considerable anisotropy with ™ (w), which con-
firms the previous observation from Figure 5(a). The optical conductivity spectral structure
(Figure 5(c)) is determined by the electric-dipole transitions between the occupied valence
bands and the unoccupied conduction bands. The calculated optical reflectivity of the
K,[Mo,O,F, ] single crystal shows low reflectivity in the low-energy region (R™(w) = 5.0%,
R’ (w)=R*(w)=9.0%). Increasing the photon energy leads to an increase in the reflectivity
of R”(w) = R*(w) to reach 40.0% at about 3.0 eV, forming the first reflectivity maxima.
It has been found that there is an abrupt reduction in the reflectivity spectrum at 11.5 eV
for the three components R™(w), R”(w) and R (), confirming the occurrence of a col-
lective plasmon resonance. The depth of the plasmon minimum is determined by €,(w) at
the plasma resonance, which represents the degree of the overlap between the inter-band
absorption regions.

The absorption coefficient of the K [Mo,O,F, ] single crystal as a function of photon
energy is shown in Figure 5(d). The spectra demonstrate the location of the absorption
edges which occur between the top of the VB and the bottom of the CB. After the absorp-
tion edges, the component I’ (w) = I**(w) exhibits a rapid and sharp absorption, while
the I'*(w) component rises at around 4.0 eV. The maximum absorption occurs at around
9.0 eV. The calculated refractive indices, as shown in Figure 5(e), confirm the existence of
the considerable anisotropy, and from n(0), the value of the energy band gap (n = /) can
be estimated. Furthermore, the values of the birefringence An(w) = n,(w) — n,(w), can be
obtained from ™ (w), #” () and n**(w), as shown in Figure 5(f) and Table 3.

4, Conclusions

The calculated electronic band structure of the molybdenum oxyfluoride K ,[Mo,O,F ]
single crystal shows that the CBM is located at the centre of the BZ, while the VBM at U
point of BZ resulting in an indirect band gap. It is evident that the VBM mainly originates
from Mol-d, Mo2-d and O3-p states with small contribution from O2-p, F2-p and O3-s
states, whereas the CBM is originated from Mo1-d, Mo2-d, O2-p and O3-p states with a
small contribution from F2-p, F3-s and O3-s states. The calculated electronic charge density
distribution reveals that a charge transfer occurs toward F atoms, which is attributed to the
fact that F atoms possess the highest electro-negativety among the others. Also, it explores
the strong covalent bonds between Mo and F atoms. The optical properties reveal that this
crystal possesses a negative uniaxial anisotropy (de = -0.102) and positive birefringence
(An(0) = 0.2765). The calculated optical properties reveal the electronic band structure of

the molybdenum oxyfluoride K [Mo,O,F, ] single crystal.
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